The energy transfer and cooperation upconversion processes are investigated in Yb 3+ /Er 3+ codoped phosphate glass. Based on the measured curves of output power versus incident power, the laser and spectroscopic parameters of the glass are fitted and analyzed. We focus on the resonant energy transfer constant k from Yb 3+ to Er 3+ as well as the cooperation upconversion coefficient 
). All upconversion processes dissipate the population of Er 3+ 4 I 13/2 , and some processes are the main loss channels. However, with only considering ET and UC 3 , corresponding parameters are still hard to be measured directly. Taccheo et al. measured the parameters of ET and UC 3 based on the suitable fit of the luminescence decay of the Er 3+ 4 I 13/2 metastable level at 1.5 µm as a function of time [5] . Laroche et al. predicted the ET efficiencies based on migration-assisted ET models by using absorption, excited-state absorption, and emission spectra for both Er 3+ and Yb 3+ ions [6] . Because of the difficulty to measure these parameters directly, the parameters are extracted from the literatures in continuous-wave (CW) end-pump ytterbium-erbium laser models, even if the glass host and doping concentration are different [7, 8] . It reduces the accuracy of judging the properties of material and delays the development of laser materials.
In this letter, we investigate the energy transfer constant k from Yb 3+ to Er 3+ and the cooperative upconversion coefficient C up of the Er 3+ 4 I 13/2 level in Yb 3+ /Er 3+ phosphate glass. It is well known that the increase of k can improve the utilization of pump energy and the energy conversion efficiency. UC processes would generate extra heat in glass because of the multi-phonon radiation and this may induce strong thermal stress, and thermal lensing in material. Therefore, one of our goals is to optimize the laser glass material by maximizing k and minimizing C up . The experimental configuration used for our diodepumped laser is illustrated in Fig. 1 . The resonator design is a standard plane-concave configuration with a total reflecting mirror coated with high-reflection film (reflectivity (R)=99.9%) at 1535 nm, which is validated by transmittance spectrum, and a 50-mm radius-ofcurvature output spherical mirror coated with antireflection film (transmissivity (T )=1%) which is also validated. The total cavity length is 10 mm. We fabricated the active material and polished it into plane-plane phosphate glass block. The doping concentration of Yb 3+ and Er 3+ are 1.64×10 21 and 2.54×10 19 cm −3 , respectively. The thicknesses of the laser medium block l G are 0.5 and 1.0 mm. The glass block is cooled by a copper heat sink. The diode laser (HLU15F200-980, Liom, Germany) provides the input power on the active material centered at the wavelength of 980 nm, and the dimension focused on the active material is about 200 µm. The precision of powermeter used in the experiment is 10 µW. The whole setup is fixed and the parallelism of the optical axis is calibrated by far-field He-Ne laser. The power casted on the active material is measured at the focus of the focusing system to decrease the influence of total reflecting mirror, and the unabsorbed pump light transmitting from the output spherical mirror is deducted from the detected output power. Figure 2 shows typical curves of the output power versus the incident pump power obtained with the general cavity configuration in Fig. 1 . Figure 2(a) shows the output power versus the incident power with the glass thickness of 0.5 mm. The maximal output power is 20.3 mW when the pump power is 315 mW. Figure 2 (b) is that with the glass thickness of 1.0 mm, and the maximal output power is 17.9 mW when the pump power focused on the glass is 303 mW. The thresholds under these two conditions are about 29 and 59 mW, respectively. It is estimated that the intra-cavity loss for l G = 1.0 mm is about double of that for l G = 0.5 mm. The spot size of pump light is about 200 µm, and the Rayleigh length is much longer than the thickness of glass used in our experiment, so we assume that the spot size in the glass is constant at different thickness. Actually, this means that we can use the same rate equations with different thickness to describe the laser characteristics. From Fig. 2 , we can see that a good linear relation for both thicknesses is kept between the output power and the incident pump power. For a laser system, only when the laser modes completely oscillate, and the heat loading in the active material is moved effectively by a cooler, the curve of the output power versus the incident pump power can be linear. When the incident power is near the threshold, under which the laser modes cannot oscillate completely, the efficiency increases with the increase of incident power until it equals the slope of line. Meanwhile, when the incident power is too high, the stability of cavity will be distorted because of the thermal lens effect induced by the heat deposited in active material. This means that we should choose suitable pump power to avoid the phenomena discussed above. The rate equations of the Er 3+ /Yb 3+ codoped system (without considering the thermal effect) indicate that the relation of the incident pump power and the output power is linear for the fixed parameters. The slope efficiency and the threshold of the system are determined by the energy transfer and the upconversion parameters of the material and the loss of the cavity. So the linear curve under suitable pump power could be used to fit the energy transfer and the upconversion parameters based on the model discussed in the next section. We also discuss the influence of the energy transfer and the upconversion parameters in the material and the loss in the cavity on the rate equation model.
A lot of work has been dedicated to the understanding of Er 3+ /Yb 3+ laser system, and the studies show that the main loss channels from the Er 3+ 4 I 13/2 excited level are excited state absorption (ESA) [9] and cooperative UC [10] processes. It is well known that pumping at 980 nm is almost immune from ESA [11] , which is different from the other absorption bands. In phosphate glass, UC 1 process can be neglected due to the fast nonradiative relaxation from Er 3+ 4 I 11/2 to 4 I 13/2 level. Based on the spectral and the quantum efficiency of the luminescence measured, the UC 2 process can also be neglected. So UC 3 process between two excited Er 3+ ions, which promotes one ion to the 4 I 9/2 upper level while the other ion decays to the ground level, plays a major role in lowering the optical gain, particularly in highly Er 3+ doped glass. Figure 3 shows the simplified scheme of the level and the energy transfer processes of Yb 3+ /Er 3+ codoping system, which is enough to describe our material. Through the discussion above, we can conclude that the output power is mainly decided by material parameters k, C up , and loss L in the cavity. The influence of these parameters can be shown in the rate equations which can describe the output characteristics of laser system. The rate equations for the Yb 3+ /Er 3+ codoped laser system are listed according to the energy levels
In the above equations, N 1 is the population of the levels, respectively, and τ rt is the cavity round trip time. k and C up are the ET and UC coefficients, respectively. I p is the pump photon flux, and it is the same for two glasses used in our experiment because of the pumping spot is generally a constant. I L is the intra-cavity phonon power density. R is the reflectivity of output mirror.
We calculate the curves of output power versus incident power with N Yb = 1.
−20 cm 2 , l G = 0.5, 1.0 mm, and R = 0.99. The results are shown in Fig. 2 , which show that the relation between the output power and the incident power is linear. For fixed parameters, the slope efficiency and threshold are also fixed. The calculated results to estimate the influences from variant k, C up , and L on the laser characteristics are shown in Fig. 4 . Figure 4 (a) are the calculated curves of the output power versus incident power, and the corresponding parameters are k = 1×10 cm 3 /s and 0.0045, respectively. The slope efficiencies change slightly, and the threshold rises with the increase of C up . In the equations, C up × N 3 can be considered as a concentration-dependent nonradiative decay rate for Er 3+ population of the excited 4 I 13/2 level, which means that the higher C up will lead to the lower output power. The energy stored in the upper level 4 I 9/2 relaxes through nonradiation and converts into heat loading in the glass. Some studies show that the thermal load induced by UC process is heavy [13, 14] . If only considering with upconversion, it is suggested that the doping concentration of Er 3+ should be low. Figure 4(c) shows the influences of the intra-cavity loss L calculated by rate equations. The parameters used are L = 0.004, 0.005, and 0.006, respectively. k and C up remain to be 3×10 −16 and 1×10 −18 cm 3 /s. We can conclude from Fig. 4(c) that the slope efficiency and threshold are driven by L strongly. So decreasing the intra-cavity L can improve the slope efficiency and output power. Loss in the cavity is induced by the reabsorption and the scatting of the gain material [15] . Because the pump spot size just changes slightly in the gain material when the sample is thin [16] , the loss in the cavity is decided by the length of gain material for a fixed condition [16] . We can conclude from the above discussion that the slope efficiency and threshold are decided by k, C up , and L for our laser system. Namely the energy transfer coefficient k, the cooperation upconversion coefficient C up , and the intra-cavity loss L in a phosphate glass laser system can be determined based on the experimental acquisition relationship between output and incident power, and then by a suitable fit of the experimental data which shows a considerable sensitivity to the fitting parameters. The fitting procedure relies on the numerical solution of the reasonable simplified rate equations built above. The fitting results for different thickness of gain material with the same doping concentration are shown in Fig. 2 . For a certain concentration, the gain material parameters for different thickness are almost the same, and k and C up are 3±0.1×10
−16 and 1±0.2×10 −18 cm 3 /s, respectively. It should be noted that the value of C up is larger than that reported in Ref. [6] . The value of k turns to be smaller than that reported in Ref. [5] , but larger than that in Ref. [5] . This could be explained by the difference of phosphate glass composition. The fitted intra-cavity losses are L 0.5 = 0.005 and L 1.0 = 0.011 for thickness of 0.5 and 1.0 mm, respectively. L 1.0 2L 0.5 shows that the intra-cavity loss is proportional to the thickness of gain material. A slight difference is caused by the scattering of surfaces. The standard error of L is about 4% according to the measurement and calculation accuracy. These two fitted loss values are in good agreement with the analysis above. Therefore, the results of k and C up we fit for our phosphate glass are reliable.
The Yb 3+ -to-Er 3+ energy transfer coefficient k and cooperation upconversion coefficient C up represent the characteristic of the gain materials for laser systems, so the determination of these parameters for different composition and doping concentration is very important. We investigate the parameters k and C up of self-made phosphate glass with the concentrations of N Yb = 3+ concentration is bigger than that reported in other literatures. The determination of k and C up provides a good judgment for our Yb 3+ /Er 3+ codoped phosphate glass. Judging from the fitted parameters above, the characteristics of our glass could be further improved by increasing the value of k and reducing the value of C up , which probably could be achieved by an optimization of the glass basics composition and doping concentration.
